1. The electrolyte and water composition of urine and ileal fluid was studied in six patients with ileostomies during dietary sodium deprivation and at the same time measurements were made of plasma renin activity, plasma aldosterone concentration, renal aldosterone excretion and plasma arginine vasopressin concentration.
Introduction
Administration of aldosterone to man is followed by an increase in colonic transmucosal potential Correspondence: Dr S. Experiments to study the effects of mineralocorticoid administration on the electrolyte composition of human ileal fluid have yielded conflicting results [4-61, although any effects have been confined to an increase in ileal potassium secretion as reported in the dog 171. Subjects with ileostomies have an obligatory sodium loss in the ileal effluent when sodium is removed from the diet [81 and may rapidly develop clinically significant sodium deficiency. Under these conditions ileal-fluid potassium concentration rises and it has been suggested that this is a consequence of increased mineralocorticoid activity induced by sodium depletion 18,91.
We have therefore examined the relationships of plasma renin activity, plasma aldosterone concentration and renal aldosterone excretion to the electrolyte composition of urine and ileal fluid in patients with ileostomies during dietary sodium deprivation. In two of these patients we measured ileal transmucosal p.d. to investigate the hypothesis that potassium is distributed across the ileal mucosa according to the p.d. [lo] , which might itself be influenced by aldosterone [ 
111.

Materials and methods
Patients
Six patients with ileostomies (age range 22-66 years, two males and four females) were studied. Total colectomy had been performed 2 5 2 5 years previously for ulcerative colitis (three), Crohn's disease (two) and carcinoma of the rectum (one). All were in good health at the time of the study and none was on treatment with steroids. In the two patients with Crohn's disease 15 and 48 cm respectively of terminal ileum had been excized at the time of colectomy, but there was no evidence of any disease in the remaining small bowel when studied. All subjects gave their consent to the investigation after full explanation of its nature and purpose. The study was approved by the Ethical Committee of St Mary's Hospital and by the Ileostomy Association.
Protocol
Subjects were admitted to a metabolic ward for the 9 days of the study. Three meals were taken during the day at 08.30, 12.00 and 18.00 hours, calculated to provide 15 mmol of sodium/day and quantities of potassium, protein and calories that were constant for each individual subject throughout the study [12] . On the first 2 days, subjects drank ad lib. with the fluid intake being recorded. The fluid intake was then maintained approximately constant at this level on days 3-9 (range 1.98-3.49 litredday). On days 1-4 the diet was supplemented by weighed quantities of sodium chloride sufficient to increase sodium intake to 198 mmol/day. The supplementary sodium chloride was sprinkled on the food and at the end of each meal the plate was wiped with a slice of salt-free bread that was then eaten, ensuring that no sodium chloride remained on the plate.
Urine and ileostomy effluent were collected continuously. From 08.00 hours on day 3 each collection period lasted 4 h, except at night when an 8-h collection was made from midnight to 08.00 hours. On days 3-8 blood was taken by venepuncture after at least 30 min lying flat three times each day at 12.00, 18.00 and 08.00 hours. Plasma was separated immediately and stored at -20°C until assay. The purpose of taking three blood samples each day was to provide a better estimate of mean plasma renin activity and plasma aldosterone concentration on each day than can be obtained from a single sample [131. Subjects were weighed each day before breakfast on a scale accurate to 50 g.
Laboratory analysis
Ileal fluid, either neat or suitably diluted with a weighed quantity of glass-distilled water, was thoroughly homogenized in a Waring blender. After a sample had been retained for estimation of dry weight and water content, the homogenate was centrifuged at 10 000 g for 20 min and the clear supernatant removed for chemical analysis, the data obtained being expressed in terms of ileal water. Plasma solids and ileal dry weight and water content were determined by drying weighed samples to constant weight at 12OoC, the mean daily dry weight of ileal fluid remaining constant throughout the experiments. Sodium and potassium concentrations of plasma, urine and ileal fluid were measured by flame photometry (flame photometer, model 430, Corning Medical, Corning Ltd, Halstead, Essex, U.K.), chloride by a potentiometric method (Corning Eel) and osmolality by depression of freezing point (osmometer, model 3L, Advanced Instruments Inc., MA, USA.). Creatinine in urine and plasma was measured colorimet.rically, after reaction with alkaline picrate (Autoanalyzer). Plasma renin activity was measured by the radioimmunoassay of angiotensin I generated from its endogenous substrate on incubation of plasma [141. Aldosterone in plasma and urine was determined by the methods of James et al. 1151 . The means of the three daily estimations of plasma renin activity and plasma aldosterone concentration were used in the analysis. Plasma arginine vasopressin concentrations were estimated in the pooled daily samples by radioimmunoassay [ 161.
Ileal transmucosal p.d.
In two patients (one Crohn's disease, one ulcerative colitis) ileal transmucosal p.d. was measured by the method of Archampong & Edmonds [ 171 but with electrodes containing sodium chloride (150 mmol/l) in 4% (w/v) agar gel, as these electrodes were found to be easier to maintain than those containing potassium chloride (3 mol/l). Moreover significant junctional p.d. artifacts were not found when this was assessed in uitro with the electrodes employed in these studies and solutions containing a wide range of sodium, potassium, chloride and bicarbonate concentrations.
The reference electrode was placed over an intradermal bleb of sodium chloride (1 50 mmol/l) on the forearm. A polythene cannula (internal diameter 2 mm) filled with the above sodium chloride solution and connected to the probe electrode via a three-way tap was gently inserted into the stoma and readings were taken when the tip of the cannula had reached a depth of 3-5 cm. Readings were obtained on days 4-9 at 08.00 hours with the patient fasting and lying flat. The calibration of the portable millivoltmeter used was checked against a digital multimeter (model 8000A, Fluke G.B., Watford, Herts., U.K.) before each series of measurements.
Data analysis
The data from days 1 and 2 of the experiment were excluded from the analysis as the results on these days were likely to have been confounded by changes due to adaptation from varying sodium intakes before the experiment. The data from two subjects were incomplete on day 9: the experiment was terminated prematurely on day 9 in one subject, who developed postural hypotension as a consequence of sodium deficiency, and there was an error in the collection of the last of the day 9 samples from the other subject. Data were analysed on the CDC 6000 series computers at the University of London Computer Centre with the Statistical Package for the Social Sciences t181. The distribution of renin activity and aldosterone in plasma, of renal aldosterone excretion, of electrolyte excretion rates in ileal fluid and urine, and of ileal potassium concentration were significantly skewed and leptokurtic. Logarithmic transformations of these variables were distributed in a more nearly normal fashion and were used throughout the analysis. The mean values quoted for these variables are geometric means and standard deviations are approximate.
To assess the relationships between renin and aldosterone, and ileal electrolyte concentrations, analysis of covariance was performed assessing the residual covariance between each pair of variables after allowing for variability due to differences between subjects, day of study and (in the case of renal aldosterone excretion) time of day.
Results
The water and electrolyte composition of urine and ileal fluid on days 3 and 4 (high sodium intake) and on days 5-9 (low sodium intake) is given in Tables 1 and 2 . Also included is the renal aldosterone excretion (Table 1) .
Sodium in urine and ilealjluid
After dietary sodium deprivation there was a fall in the mean renal sodium excretion within 24 h and this was seen in each individual subject. By day 8 sodium had virtually been eliminated from the urine ( Table 1) . Examination of the 4-and 8-h data for days 3-7 demonstrated that renal sodium excretion fell significantly between 16.00 and 20.00 hours on day 1 of dietary sodium deprivation and thereafter remained less than the corresponding control values (see Table 4 ).
In contrast there was only modest conservation of sodium in ileal fluid ( Table 2 ) which remained hypertonic to plasma throughout the experiment, the mean f SD ileal-fluid osmolality rising slightly from 387 f 38 to 408 f 60 mosmol/kg between days 3 and 9. Table 2 demonstrates that the most striking change in the composition of ileal fluid after dietary sodium deprivation was a progressive rise in the concentration of potassium. The individual maximum value was recorded at 43.9 mmolll in the patient with Crohn's disease in whom 15 cm of terminal ileum had been resected. Renal potassium excretion changed little during the experiments.
Potassium in urine and ilealjluid
Plasma renin activity, plasma and urinary aldosterone
There were progressive increases in plasma renin activity, plasma aldosterone concentration (Table 3 ) and renal aldosterone excretion (Table  1) with increasing sodium deficiency, the values being five to ten times the upper limit of normal control values for each of the three variables at the end of the experiment. The values recorded on days 3 and 4 (high sodium intake) were usually within the range found in normal subjects on an unrestricted diet. Analysis of the data from Tables 1 and 3 demonstrated that plasma renin activity and plasma aldosterone concentration became significantly different from the day 4 values by day 6 (t = 4.22, n = 6, P < 0.01 and t = 6.21, n = 6, P < 0.05 respectively). Renal aldosterone excretion was significantly greater on day 5 than that on day 4 (F = 10-5, 1 and 49 d.f., P < 0.005); however, examination of the data in individual 4-and 8-h collections of urine showed that renal aldosterone excretion only became consistently different from respective control values after day 6 (Table 4) . d.f., P < 0.005). However, there was no relationship between either ileal chloride concentration or the water content of ileal fluid and either renin or aldosterone, and plasma aldosterone concentration was not related to ileal sodium or potassium. Furthermore examination of the data from each of the corresponding ileal fluid and urine collections showed that, whereas there was no relationship between ileal-fluid potassium concentration and renal aldosterone excretion before sodium deprivation (day 4, last collection: r = -0.04, n = 6, N.S.), the association became progressively stronger with increasing sodium deficiency (day 8, last collection: r = 0.85, n = 6, P < 0.05).
If the distribution of potassium across the ileal mucosa depends on transmucosal p.d. then the relationship between p.d. and the concentrations of potassium in the ileal lumen and the plasma at equilibrium would be described by the Nernst equation {p.d. = 61.8 log ([K] lumen/[Kl plasma)}. Fig. 3 gives, in one subject for days clearly insufficient to produce the corresponding ileal fluid potassium concentrations of 9.9 and 23.0 mmol/l. Table 1 shows that, compared with that of the control days, the volume of urine rose on day 5, the first day of dietary sodium deficiency, and this persisted on the remaining days of the study. The diuresis was observed in each individual subject. The cumulative overall losses of sodium and water after sodium deprivation are illustrated in Fig. 4 . There were large 'cumulative losses of both sodium and water, the cumulative water loss at the end of day 8 being in accord with the weight loss (2.6 5 0.4 kg). Fig. 4 demonstrates that subjects were losing sodium and water in the proportions similar to those found in extracellular fluid. The effect of this was to maintain plasma osmolality while the mean plasma sodium concentration fell by only 4 mmol/l. Changes in the plasma concentration of arginine vasopressin did not appear responsible for the diuresis that occurred in these patients after dietary sodium deprivation. There was no change in the mean concentration of the circulating hormone. Fig. 5 gives the plasma arginine vasopressin concentrations in individual subjects on day 5 compared with those on day 4. In spite of an increase in free-water clearance in each of the six subjects there was a paradoxical rise in the concentration of the hormone in four of the subjects on day 5.
Discussion
The obligatory loss of sodium in the ileal effluent emphasizes the rBle of the colon in the conservation of sodium. Sodium deprivation in patients with ileostomies is swiftly followed by a considerable negative sodium and water balance. The deficiency of sodium results in a rapid reduction in renal sodium excretion within the first 24 h of dietary sodium deprivation. The mechanisms responsible for the speed of the renal response remain unclear. Significant changes in plasma renin activity and plasma aldosterone concentration were not seen until day 6. Furthermore examination of the individual 4-and 8-h collections of urine showed that renal aldosterone excretion only became consistently significantly different from control values after day 6 (Table  4) . A similar dissociation between the fall in renal sodium excretion and the rise in renal aldosterone excretion and plasma renin activity during dietary sodium deprivation in some normal subjects has already been reported [191. Plasma proteins may regulate the proximal tubular reabsorption and hence renal excretion of sodium [201 but no changes in plasma proteins, measured as plasma solids, were noted in these experiments before day 6. There was no change in glomerular filtration rate, as measured by creatinine clearance, before day 6. Other factors, including renal kallikrein [2 11, the autonomic nervous system [22] and gastrointestinal or hepatic factors [23, 241 have all been implicated in the regulation of renal sodium excretion and remain to be examined in patients with ileostomies. The striking rise in the potassium concentration of ileal fluid during sodium deprivation and its close association with plasma renin activity and renal aldosterone excretion suggest that ileal potassium secretion during dietary sodium deprivation might be mediated by the renin-angiotensin-aldosterone system in man.
Turnberg, Morris, Hawker, Herman, Shields & Horth [251 were unable to demonstrate any significant association between plasma aldosterone concentration or plasma renin activity and ileostomy electrolyte losses in subjects with ileostomies but, unlike our subjects, their subjects were not subjected to dietary sodium deprivation. The stimulus of a change in dietary sodium chloride might be expected to induce changes both in the hormones assayed (renin and aldosterone) and in the electrolyte concentrations in ileal fluid, so that any relationship between these changes could be fortuitous. However, as the relationship between the above variables persisted after allowing for variations due to change from day to day and with time of day, and for variations from subject to subject, then this is strong evidence for a direct relationship between the variables. Confirmation, however, awaits the results of experiments in patients with ileostomies who are given infusions of angiotensin or aldosterone sufficient to increase plasma aldosterone concentrations to the high values recorded on days 8 and 9 of the present study. An alternative approach with the aldosterone antagonist, spironolactone, was not considered justifiable in these studies as its use might have resulted in profound hypotension as a consequence of the considerable sodium deficiency observed during sodium deprivation.
If the renin-angiotensin-aldosterone system does influence ileal potassium secretion then the p.d. results, although limited to only two subjects, would suggest that this might not be mediated via changes in ileal p.d. It is theoretically possible that the changes we observed in the potassium concentration of ileal fluid during dietary sodium deprivation could have reflected either alterations in small intestinal potassium transport proximal to the ileum or changes in intestinal motility particularly as the Nernst equation applies to the distribution of ions across a membrane only at equilibrium. In a single subject, at the end of the period of dietary sodium deprivation, we estimated the absorption of sodium and the secretion of potassium by the terminal ileum using a dialysis method similar to that described by Prado p de Moraes-Filho, Salas-Coll, Blendis & Edmonds [261. At the end of 30 min the sodium concentration of the dialysis fluid had fallen from 130 to 89 mmol/l and the potassium concentration had risen from 4.2 to 40 mmol/l, these concentrations of sodium and potassium being similar to those found in the ileal fluid at that time. This indicated that the changes in the electrolyte composition of ileal fluid described in these experiments during dietary sodium deprivation are dependent on changes in the ileum rather than in the more proximal small intestine.
Whether the normal ileum in subjects with an intact gastrointestinal tract responds to dietary sodium deprivation as in patients with ileostomies remains speculative. It is known that the ileal effluent changes over the first 10 days after colectomy in that its volume and water content become less [27, 281. There are changes in the p.d. so that the mucosal surface becomes increasingly electronegative with reference to the serosa over the months after colectomy [lll due to an increase in the electrical resistance of the mucosa [291. It would be of considerable interest to study the handling of water and electrolytes, particularly in response to dietary sodium deprivation, during this postoperative period as such adaptation might reflect prolonged stimulation of the. ileal mucosa by increased activity of the renin-angiotensin-aldosterone or other hormone system as a consequence of the chronic low-grade sodium deficiency to which these subjects are prone [301. Moreover such studies might elucidate the pathophysiology in those subjects whose ileum fails to adapt after ileostomy and who pose a serious clinical problem.
The diuresis observed in our patients on dietary sodium withdrawal and noted previously in patients with ileostomies by Kramer 181 resulted in overall changes in sodium and water balance whereby plasma osmolality and sodium concentration were maintained. Fluid intake in our subjects and those studied by Kramer [81 was maintained constant throughout the experiments and it is possible that if this condition had not been fulfilled then fluid intake would have been reduced spontaneously with the reduction in sodium intake. The overall effect in terms of total sodium and water balance, plasma osmolality and sodium concentration might have been the same but the water diuresis might not have occurred. Although we remain unable to explain the diuresis seen under the conditions of our experiments, any such spontaneous reduction in fluid intake would also require explanation. Changes in the plasma concentration of arginine vasopressin did not seem to be implicated in the diuresis seen in these experiments, but there appeared to be considerable variation in the concentration of the hormone within individual ileostomy patients and the hormone concentrations appeared greater than in normal subjects (M. L. Forsling, unpublished work). The diuresis observed when these subjects are placed on a low-sodium diet might be explained by mechanisms which do not depend on an absolute change in the circulating concentration of arginine vasopressin, but rather on an altered sensitivity of the collecting tubule to the hormone, and this remains to be investigated.
